The large (L) protein subunit of unsegmented negativestrand RNA virus polymerases is thought to be responsible for the majority of enzymic activities involved in viral transcription and replication. In order to gain insight into this multifunctional role we compared the deduced amino acid sequences of five L proteins of rhabdoviruses (vesicular stomatitis virus and rabies virus) or paramyxoviruses (Sendai virus, Newcastle disease virus and measles virus). Statistical analysis showed that they share an atypical amino acid usage, outlining the uniqueness of the negative-strand virus life style. Similarity studies between L proteins traced evolutionary relationships in partial disagreement with the present taxonomic arrangement of this group of viruses. The five L proteins exhibit a high degree of homology along most of their length, with strongly invariant amino acids embedded in conserved blocks separated by variable regions, suggesting a structure of concatenated functional domains. The most highly conserved central block contains the probable active site for RNA synthesis. We tentatively identified some other functional sites, distributed around this central core, that would naturally work together to assure the polymerase activity. This provides detailed guidelines for the future study of L proteins by site-directed mutagenesis.
Introduction
The polymerase of unsegmented negative-strand RNA viruses is unique in that it cannot directly utilize nucleic acid as its template. Rather, it recognizes the viral genome only in the context of the nucleocapsid core, which consists of the genomic RNA so tightly and completely encased by the viral nucleocapsid (N) protein that it resists disaggregation on CsC1 gradients or degradation by RNase attack. The N protein confers helicity on the nucleocapsid and is essential for the recognition of the genomic template RNA by the viral phospho-(P or NS) and large (L) proteins, the movable subunits of the polymerase. By virtue of its large size (220K) and its presence in very low amounts in the virion, the majority of the enzymic activities involved in transcription and replication are thought to reside in the L protein, although interaction with the P protein is indispensable for these processes (Banerjee, 1987a, b) .
Many of these activities have been demonstrated in genetic or biochemical studies. The viral mRNA capping (Abraham et al., 1975; Banerjee, 1987a, b) and methyltransferase activities (Testa & Banerjee, 1977; Hammond & Lesnaw, 1987a, b) have been associated with the L protein (Belle-Isle & Emerson, 1982; Ongr~idi et al., 1985; Hercyk et al., 1988) , as was the poly(A) polymerase activity (Hunt et al., 1984 (Hunt et al., , 1988 . The L protein of vesicular stomatitis virus (VSV) has been claimed to phosphorylate the phospho-(NS) protein (Sfinchez et al., 1985) ; both specific and non-specific interaction of L with various forms of NS protein are essential for transcriptase activity (Banerjee etal., 1987a, b) . Two ATP-binding sites appear to mediate the phosphokinase activity (Massey & Lenard, 1987) and their location in the VSV L protein was shown by homology to a protein kinase structure (Kamps et al., 1984) . The critical importance of the L protein in transcription and replication is highlighted by its extreme sensitivity to mutation (Flamand, 1980; Collins et al., 1980) . It also seems probable that the overall function of the L proteins depends on several tightly linked but distinct domains, each contributing a particular activity, since different temperature-sensitive mutations mapping entirely within the L gene exhibited complementation (Flamand, 1970 (Flamand, , 1980 . However, to date none of the above enzymic activities have been definitively located in any particular region of any L protein. Moreover, the crucial sites for phosphodiester 0000-9327 © 1990 SGM bond formation and template recognition have not yet been identified experimentally.
Five L protein sequences have recently become available for comparison: those of the rhabdoviruses VSV (Schubert et al., 1984) and rabies virus (RV; and the paramyxoviruses Sendal virus (SV; Shioda et al., 1986) , Newcastle disease virus (NDV; Yusoff et al., 1987) and measles virus (MV; Blumberg et al., 1988) . Their analysis showed a very high degree of homology within the rhabdovirus or paramyxovirus L proteins, but only distant similarities between these two families and no homologies with other proteins.
The five-way comparison presented here reinforces and extends these similarities over the entire length of the L protein sequences, providing evidence of evolutionary relationships between unsegmented negativestrand RNA viruses. It confirms that lyssaviruses may constitute an evolutionary intermediate genus between the vesiculovirus genus and the Paramyxoviridae family, a notion previously suggested by the high genetic plasticity of the G-L intergene region among lyssaviruses (Kurath et al., 1985; Tordo et al., 1986; Tordo & Poch, 1988) . It also clearly shows that the invariant amino acids are not distributed randomly in the L proteins, but are embedded into blocks of conserved stretches separated by variable regions, compatible with the concept that the L protein structure consists of concatenated functional domains. Within the conserved blocks, polymerases of unsegmented negative-strand RNA viruses share unique and characteristic amino acid sequence motifs. Some of these motifs resemble consensus sequences found in proteins that interact with nucleotides or RNA. In particular we have recently identified highly conserved motifs that share extended similarities with motifs found throughout all other RNAdependent polymerases. Thus these may well constitute the active site for phosphodiester bond formation and/or template recognition of unsegmented negative-strand RNA virus polymerases (Poch et al., 1989) . Here we extend our sequence homology analysis to the entire structure of the L proteins.
Methods
The five L protein sequences were first aligned pairwise using the Wilbur & Lipman (1983) algorithm and then adjusted in the light of secondary structure predictions (Gaboriaud et al., 1987) . In regions of weak conservation the alignment was further adjusted manually, with the constraint of maintaining matching conservative residues. We consider the main criteria to be charge or polarity conservation and matching of aromatic residues, thus we partitioned the amino acid families as follows: (P,G;S,T;A) (F,Y,W;I,L,M,V) (D,E;N,Q) (K,R,H) (C).
Large regions in the five proteins were checked by the FastP algorithm of Lipman & Pearson (1985) for homology with the PseqIP protein sequence databank, a compilation of the four major sequence data collections (NBRF-PIR, PSD-Kyoto, PGtrans and NEWAT; Claverie & Bricault, 1986) . The consensus stretches derived from this alignment were in turn used as probes against the whole databank using two newly developed matching algorithms that accept extensive sequence mismatches (Gribskov et al., [987, 1988; I. Sauvaget & J.-M. Claverie, personal communication) . The tetrapeptide analysis of the L proteins was performed with a cataloguing method, described by Claverie & Bougueleret (1986) .
Programs were run on a Data General MV8000 microcomputer.
Results and Discussion
Five-way alignment of L protein sequences
In Fig. 1 we propose an optimal alignment of the amino acid sequences of the L proteins of NDV, SV, MV, RV and VSV. Whereas previous pairwise sequence comparisons revealed only a limited and segmented homology in the central part of the five L proteins (Yusoffet al., 1987; Blumberg et al., 1988; Galinski et al., 1988) , the present five-way alignment established that strong homologies exist over almost the entire length of the proteins, only falling off markedly near the carboxy terminus. Also, the gaps introduced in order to maximize similarities are mostly of limited extent. As a result the maximal length of the aligned sequences [2453 amino acids (aa)] is only 225 residues longer than the largest L protein (SV; 2228 aa) and 344 residues longer than the smallest (VSV; 2109 aa), emphasizing the close relationship between these enzymes. In this optimal alignment there are 128 strictly maintained amino acids among the five proteins and 399 conservative amino acid changes. 752 positions are strictly or conservatively maintained between at least four of the five proteins. The relative frequency of Gly (15.3 ~) and Trp (3-8 %) residues among the invariant amino acids is remarkably higher (2-5-to three-fold) than their average abundance in the L proteins (5-5% and 1"5~o, respectively), suggesting that these residues are especially important for the L protein structure and/or function, whereas basic and acidic residues also tend to be more strictly maintained than hydrophobic ones. A similarity profile of the five-way alignment (Fig. 2 ) clearly reveals that conserved residues are not distributed randomly, but are clustered into six blocks of strong conservation (boxed in Fig. 1 ) linked by variable regions of low conservation, This is consistent with the idea of concatenated functional domains (Feldhaus & Lesnaw, 1988; Blumberg et al., 1988; . The blocks of highest amino acid conservation (II to V) are located in the central region of the protein (positions 578 to 1491). In each block there are uninterrupted stretches of four to seven strictly or conservatively maintained amino acids. As previously found (Yusoff et al., 1987; Blumberg et al., 1988; Feldhaus & Lesnaw, 1988; Galinski et al., 1988; , the pentapeptide QGDNQ (positions 855 to 859) constitutes the longest continuous stretch of invariant amino acids. It lies in the highly conserved block III and is flanked by hydrophobic residues in all five L proteins.
Inspection of the aligned sequences shows that block I is mainly composed of hydrophobic residues, particularly inthe first two conserved stretches. Within the third stretch there is an invariant tripeptide GHP (positions 428 to 430), remarkable because of its rarity in the protein database according to the cataloguing method of Claverie & Bougueleret (1986) . It is probably part of a turn structure, with the exposed His residue playing an important functional role. Charged amino acids are predominant in blocks II and III. In block II a central highly conserved stretch commencing at position 618 is very rich in basic amino acids, forming a rhythmically spaced [KEKE(hydrophobic)K] motif. Long charged conserved stretches are particularly numerous throughout block III, upstream and downstream of the invariant pentapeptide QGDNQ, as are scattered invariant Gly residues, an amino acid frequently involved in turn structures, which may allow the surrounding charged regions to be in spatial proximity. In particular, the apposition of the stretch beginning with GG(I/L)EG (positions 821 to 825) and the pentapeptide QGDNQ itself (positions 855 to 859), conserved with precise spacing between them as previously noted by Blumberg et al. (1988) , signals a key functional role for the entire block III (see below). Block IV is very rich in invariant Pro residues (four). Two invariant GG (positions 1035 and 1036) and DP (positions 1052 and 1053) dipeptides flank the first conserved stretch of this block that may thereby be exposed in turn structures, noticeably the two invariant Arg residues (positions 1044 and 1048). Block V contains numerous Cys and His residues, in particular the only three invariant Cys residues, flanking the block (positions 1242, 1287 and 1485), as well as three out of the six invariant His residues (positions 1403, 1477 and 1479) in the L proteins. Block VI is less highly conserved but the stretch embedding a GXGXG motif (positions 195 l to 1955 ) is worth noting. Finally, although the aminoterminal region is not designated as a block, it contains one highly conserved stretch (positions 56 to 61) with an invariant Pro, as well as numerous other Pro residues in variable positions, suggesting that the entire length of the L protein is required for its functions. It seems paradoxical that all of the L proteins, except that of NDV, are predicted to have a remarkably short half-life of only 3 min by the 'N-end rule' of Bachmair et al. (1986) . This high concentration of helix-bre.aking Pro residues that presumably promote flexibility could allow the amino-terminal region to be protected either within the L protein structure, or by specific interaction with other components of the polymerase complex.
Evolution of unsegmented negative-strand RNA viruses
One measure of the relationship between these viruses is given in Table 1 , which shows a compilation of the amino acids that are invariant or conservatively replaced, according to the alignment of Fig. 1 . As expected the rhabdoviruses are closely related (720 and 1234 conserved positions, respectively). Within the paramyxoviruses the closest relationship is that between MV (morbillivirus genus) and SV (paramyxovirus genus) (837 and 1316), NDV (paramyxovirus genus) being somewhat distant from them. A similar observation was previously made in comparing the matrix protein sequences of MV, SV and NDV (Chambers et al., 1986) . These data suggest that the present viral taxonomy, based mainly on the presence or absence of neuraminidase activity (Matthews, 1979) , does not accurately reflect evolutionary distances and may need to be re-evaluated. In particular it seems to have been forgotten that SV, which is now generally considered to be an enzootic pathogen in mice (Parker et al., 1964) , nonetheless has been associated with influenza-like disease in children (Fukumi et al., 1959) . In the above context the recent characterization of a pantropic variant of SV (Tashiro et al., 1988) may caution that, rarely, such a variant might escape its animal reservoir and became pathogenic in humans.
Interestingly, RV is closer than VSV to the paramyxoviruses and there is even a 55 aa stretch (positions 124 to 178) where RV is more similar to MV than to VSV. Such a closeness is in good agreement with the characterization within the G-L intergenic region of two lyssaviruses, RV (Tordo et al., 1986) and infectious haematopoietic necrosis virus (Kurath et al., 1985) , of a pseudogene and an NV gene, respectively, that could represent an ancestor or a remnant of the haemagglutinin-neuraminidase and/or SH genes of the paramyxoviruses. Both arguments suggest that lyssaviruses may be in an intermediate position between vesiculoviruses and paramyxoviruses (Tordo et al., 1986 Tordo & Poch, 1988) .
A different light on these relationships is provided by a comparison of the gaps that were introduced in optimizing the five-way alignment. Except in regions of low homology, such as that between blocks V and VI or near the carboxy terminus, the gaps tend to be characteristic of either the Rhabdoviridae or the Paramyxoviridae families. Examples of such small characteristic gaps are visible in positions 303 to 305 (block I), 973 to 976 (inter-region III-IV), 1086 to 1093 and 1132 to 1134 (block IV) in the paramyxovirus sequences and in positions 409 to 411 (block I), 945 to 950 (block III) or 1256 to 1260 (block V) in the rhabdovirus sequences. These examples are highly significant because they were chosen flanking or neighbouring crucial conserved stretches, where the alignment and hence the required gaps are unambiguous. Importantly, the longest gaps of the five-way alignment had to be inserted in the two rhabdovirus sequences between the highly conserved blocks II and 1II (positions 683 to 735). In the three paramyxovirus sequences these blocks are joined by a region highly variable in both length and sequence.
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Comparison with protein databanks
A FastP computer search comparing the individual L protein sequences as well as each block of strong homology against the PseqIP protein databank (see Methods) identified no significant homology except among the L proteins themselves. We therefore extended our analyses by comparing the stretches of four to seven conserved residues, with special attention to their linear arrangement, but in no case was significant homology found. These results are consistent with another analysis that we performed, based on tetrapeptide frequency ranking (Claverie & Bouguelcret, 1986 ), where we found that the tetrapeptides composing the conserved residue stretches were rare in the overall databank. Taken 
Search for functional motifs
We have recently identified the presence of four conserved motifs in the sequences of about 80 different RNA-dependent polymerases encoded by plus-, minusand double-stranded RNA viruses, retroviruses, and viral and non-viral retrotransposons (Poch et al., 1989) . This analysis extended to an overall domain covering 120 to 210 amino acids, the region of consensus Asp-Asp (DD) sequence flanked by hydrophobic residues initially proposed by Kamer & Argos (1984) to be a key functional domain in RNA-dependent polymerases. A subset of these sequences is shown in Fig. 3 . Within this extended domain, using newly developed search programs, we derived 'fuzzy' probes to detect distantly related motifs. These probes detected four conserved sequence motifs in block III of the L proteins (A to D in Fig. 3 ), surrounding the only invariant pentapeptide QGDNQ (positions 855 to 859; motif C in Fig. 3 ). In this alignment the GDN of the invariant pentapeptide clearly corresponds with the GDD of the strictly conserved Asp-Asp element of the other polymerases. We conclude that the motifs shown in Fig. 3 probably represent important elements of the active site for template recognition and/or phosphodiester bond formation in the L proteins. Due to the complexity of the mechanisms involved in polymerization we would expect that some ancillary domains required for transcriptase activities, e.g. for mononucleotide recognition or for the binding of a divalent cation (Flamand et al., 1978) , would also be present. Some conserved regions spread out around the putative active site may represent such ancillary functional domains. They were analysed for motifs that have been observed in various proteins that interact either with nucleotides or RNA (Hodgman, 1986) . We wish to point out that none of these canonical sequence motifs is strictly conserved in all five L proteins. However, as L proteins are unusual in recognizing their template only in the context of the nucleocapsid, some divergence would be expected, especially when divergence between the virus families is also considered. (Kemdirim et al., 1986) ; SNBV, Sindbis virus (Strauss et al., 1983) ; CarMV, carnation mottle virus (Guilley et al., 1985) ; PolioV, poliovirus (Racaniello & Baltimore, 1981) ; 17.6, Drosphila copialike element 17.6 (Saigo et al., 1984); L1Hu, human LI element (Hattori et al., 1986) ; Int31, yeast mitochondrial class II intron OXI3.1 (Bonitz et al., 1980) ; RSV, Rous sarcoma virus (Schwartz et al., 1983) ; HIV-1, human immunodeficiency virus type 1 (Wain-Hobson et al., 1985) ; CAEV, caprine arthritis-encephalitis virus (Chiu et al., 1985) . In boxes at the bottom of the figure capital letters, small letters and pluses indicate invariant, nearly invariant and conservatively maintained residues, respectively.
Template recognition sites are expected to be positively charged protein regions. Since a promoter exists near the genomic 3' end of all unsegmented negative-strand RNA viruses, at least one RNA recognition site must exist along the L protein, the catalytic unit of the transcription complex. We tentatively propose that this site is constituted by the clusters of invariant basic amino acids present within the conserved stretch of block II, between positions 623 and 635 (Fig. 4) . The regular spacing of conserved basic and hydrophobic residues every four amino acids suggests that they may constitute an amphiphilic s-helix with basic residues facing and contacting the RNA template.
Recently two substrate dNTP-binding sites have been experimentally located in the Moloney murine leukaemia virus reverse transcriptase, targeted within two Lys residues flanking the putative active site for polymerization (Basu et al., 1988) Therefore, the hinge regions between blocks II-III and III-IV would mediate an optimal cooperation between the functional domains. The block III-IV inter-region shows a similar length in both viral families. In RV we previously proposed that the central hydrophobic part of this region was involved in protein-protein hydrophobic contacts (Tordo et al., 1988) and might be embedded in the L protein tertiary structure. In contrast the block II-III inter-region clearly discriminates between the two viral families; it is very short in the rhabdovirus sequences, whereas, within the paramyxovirus sequences it is highly variable both in length and composition, although always very hydrophilic, suggesting that it could lie on the surface of the paramyxovirus L proteins. The extreme variability of this hinge region during evolution may reflect the need for plasticity to assure an appropriate positioning of the two major functional blocks II and III in each virus-specific environment. Furthermore this provides a mechanistic insight into the functional independence of the concatenated domains, as suggested by the existence of intracistronic complementation between mutants of the VSV L gene (Flamand, 1980) .
The purine nucleotide-binding sites characterized up to now consist of a Lys residue classically neighboured by numerous Gly residues (M611er & Amons, 1985) . In a number of protein kinases the binding site for ATP has been characterized as a GXGXXG(15 to 20 aa)K motif (Kamps et al., 1984) , whereas GXXGXGK(S/T) is frequently observed in purine-binding proteins (Gorbalenya et al., 1985) . A similar glycine-rich motif commencing at position 1951 in block VI is shared by aU L proteins, but a conserved downstream Lys residue is missing. However, an upstream invariant Lys residue (position 1929), 19 to 22 residues distant from the glycine-rich motif, could play the same role. We propose that this site could be associated with polyadenylation or with protein kinase activities. It could correspond to one of the two binding sites, with substantially different affinity for ATP, that have been identified in VSV (S~nchez et al., 1985; Massey & Lenard, 1987) . The other binding site could be associated with the specific phosphorylation of the NS protein, a function reported to be encoded by the L protein only in the Indiana strain of VSV (S~nchez et al., 1985) . Two VSV-specific exact ATP-binding motifs are candidates; the first one commences at position 897 within the active domain for polymerization so therefore appears unlikely and the second one begins at position 1528 in the poorly conserved block V-VI inter-region.
Indeed, highly variable regions such as the block V-VI inter-region or the carboxy terminus are good candidates to carry out specialized functions separately developed by individual viruses. Some replicative functions may also have become spatially redistributed within the L proteins themselves, or among other elements of the polymerase complex, such as the V proteins of paramyxoviruses, showing a highly conserved cysteine-rich region bearing a resemblance to metal-binding sites (Thomas et al., 1988; Cattaneo et al., 1989) .
Generally, metal-binding sites are characterized by a clustering of Cys and His residues (Berg, 1986) . Such a Cys-and His-rich region was encountered in block V of the L proteins (positions 1477 to 1485). However, some of these cysteines may represent the class of highly reactive sulphydryl groups reported in VSV to be essential for polymerase activity (Massey & Lenard, 1987) . It is also possible that some may be involved in disulphide bridges crucial for the structural scaffolding of the carboxyterminal half of the L proteins.
In summary, the adoption of a coated template has led polymerases of unsegmented negative-strand RNA viruses to develop a unique structural and functional organization. Consistent with this notion are the huge length of the multifunctional L protein, the occurrence of a DN dipeptide in the polymerization active site, instead of the almost invariant DD dipeptide (Poch et aL, 1989) , and the absence of strict conservation of any reported canonical functional motif (Hodgman, 1986) . Nevertheless, the identification of the active site is a key finding that links unsegmented negative-strand RNA viruses with a moment of evolutionary history shared by all genetic elements with RNA-dependent polymerase function (Poch et al., 1989) . The spread-out location of other putative activities in different conserved blocks reinforces the idea of autonomous functional domains concatenated to form the L protein structure.
After the five-way alignment of this study was completed two additional L protein sequences were reported (Feldhaus & Lesnaw, 1988; Galinski et aL, 1988) that do not substantially modify the present analysis. We hope that this limited study has helped to define better the familial relationships among rhabdoviruses and paramyxoviruses, and provided preliminary predictive guidelines for site-directed mutagenesis experiments on L proteins.
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